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Abstract The study of the flux of atmospheric neutrino
crossing the Earth can provide useful information not only
on the matter density of the different layers that make up the
planet but also on their chemical composition. The key phe-
nomenon that makes this possible is flavor oscillations and
their dependence on the electron density along the neutrino
baseline. To extract the relevant information, we simulate the
energy and azimuth angle distribution of events produced in a
generic neutrino telescope by atmospheric neutrinos passing
through the deepest parts of the Earth. Changes in the den-
sities of the outer core and the mantle are implemented by
varying the location of the boundary between these layers so
that the restrictions on the mass of and the moment of inertia
of the Earth are both satisfied. This allows us to examine the
effect of simultaneous changes in composition and density
of the outer core, unlikely other works on the subject, where
only one of these quantities was varied.
1 Introduction
To understand the internal dynamics and evolution of the
Earth we need to know its internal structure and composi-
tion. These are essential ingredients for a full comprehen-
sion of basic geological phenomena, such as volcanology,
earthquakes, plate tectonics and mountain formation [1,2].
Current knowledge has led to symmetric spherical models
consisting of several concentric shells that differ in compo-
sition and mechanical behavior [3], of which the main ones
are: crust, upper mantle, lower mantle, outer core, and inner
core. Characterizing their properties has not been an easy
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task. Except in the crust, technological difficulties prevent
inspecting the deeper layers by drilling holes to take samples.
Instead, several type of observations on the surface need to
be combined to probe the Earth’s inner parts. Most of our
knowledge comes from geophysics, in particular examining
how the direction and/or speed of seismic waves generated
by earthquakes are affected when they travel through differ-
ent layers [4–6]. Valuable information has also been obtained
from measurements of the magnetic and gravitational fields,
observations of the moment of inertia and the precession
motion of the planet, laboratory experiments at high pres-
sures and temperatures, and physical, chemical and miner-
alogical analysis of meteorites and xenoliths.
While the distribution of the matter density can be inferred
from seismological observations, the compositional structure
of the Earth is more difficult to determine. This is particularly
true for the lower mantle and the core, whose compositions
remain quite uncertain despite significant progress in recent
years. According to the most popular model, the core mainly
consists of an iron-nickel alloy, with Ni/Fe ∼ 0.06, and is
divided into inner and outer regions distinguished by a great
density difference at a depth of approximately 5100 km [7].
The inner core is solid, while the outer core is liquid as indi-
cated by the lower density and lack of s-wave propagation
in it [3]. The density deficit of 4.5% in the outer core is too
large to be due only to the solid-liquid phase transition and
requires elements of lower atomic weight, such as Si, O, S,
C, and/or H, to be present in about 5–10 wt% (weight per-
cent) [8–11]. The nature and content of the light elements
has important implications for convection in the outer core,
which in turn is closely related to the geodynamo that gener-
ates the planetary magnetic field. They are also linked to the
scenario of Earth’s differentiation, the rate of core cooling,
and the way the core and the mantle interact. It has been chal-
lenging (and not free of controversy) to ascertain the identity
and concentrations of the light elements. In order to discrim-
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inate between the variety of plausible models, the most direct
method should be to compare laboratory measurements with
the seismically observed density and acoustic velocity of the
core. These experiments are difficult to conduct for liquid
iron alloys samples at the extreme temperature and pressure
conditions of the core [12]; as consequence, the available
accurate experimental data are still insufficient to make a
direct comparisons with the seismological data. On the other
hand, in a recent work, the chemical composition of liquid
iron alloys at outer-core pressure and temperature conditions
has been constrained by comparing first principle calcula-
tions of the density and bulk sound velocity with the PREM
profiles [13]. The primary light component was found to be
hydrogen when the inner-core boundary temperature TICB
is not high (4800–5400 K) or oxygen if TICB = 6000 K.
Hence, as the authors conclude, it is still difficult to specify
the chemical composition of the outer core based solely on
comparing theoretical calculations and seismological obser-
vations of the density and speed of sound.
From the above, it is clearly important to develop alter-
native methods that can provide complementary and inde-
pendent information about the deep interior of the Earth. In
this regard, the use of neutrinos seems to be a promising
and viable option. In general, there are two possible ways to
perform geophysical investigations with neutrinos: geoneu-
trinos and neutrino tomography. Geoneutrinos are electron
antineutrinos from the β-decay of long-lived natural isotopes
within the Earth. Measurements of their flux provide valuable
evidence of the amount and distribution of the radio active
elements internally heating the planet [14,15]. Two experi-
ments, Borexino [16] and KamLAND [17], have currently
sensitivity to geoneutrinos. In respect to neutrino tomogra-
phy, the underlying idea is that the propagation of neutrinos
in a medium is affected by their interactions with matter [18].
In neutrino absorption tomography the density profile can be
reconstructed from the attenuation of the flux of very high
energy ( 10 TeV) neutrinos, which are absorbed when pass-
ing through the Earth. Measuring at large neutrino telescopes
the isotropic flux of ultra-high energy cosmic neutrinos seems
to be a promising tool to make an independent determination
of the Earth’s density profile [19–25]. On the other hand,
neutrino oscillation tomography takes advantage of the mat-
ter effect on neutrino oscillations [26–28] to probe the Earth’s
interior with lower energy (MeV to GeV) neutrinos. In mat-
ter the flavor transition probabilities depend on the number
density of electrons ne along the neutrino baseline, which is
proportional to the product of the matter density ρ times the
average ratio of the atomic number Z to the mass number A
[18,29–35].
Since the Z/A ratio is a function of the chemical and iso-
topic composition of the medium, from the determination of
the densities of matter and electrons, it might be possible
in principle to restrict the different composition models of
the Earth. With this in mind, in this work we reexamine the
feasibility of studying the internal structure of the planet by
means of oscillation tomography with atmospheric neutrinos,
namely, those produced in the atmosphere by the interactions
of cosmic rays with air nuclei. We pay particular attention
to how changes in the content of light elements in the outer
core could influence the number density of electrons. At the
same time, we allow some variation in the location of the
core-mantle boundary (CMB) as an effective way to account
for the existence of a transition zone including the D” layer
[36,37]. This is the lowermost ∼ 250 km thick portion of the
mantle directly above the CMB and gaining a better picture
of it can help to better understand the dynamics of the entire
mantle, as well as how the core and mantle interact. Further-
more, requiring variations in the CMB radius to be consistent
with the well-measured Earth’s mass and moment of inertia
allows us to change the densities of the outer core and mantle
without violating such important constraints.
The paper is organized as follows. In Sect. 2 we present
a simplified model of the Earth’s structure with four density
layers. In Sect. 3 we briefly review the formalism of neutrino
oscillations in matter and present the formulas for the tran-
sition probabilities. In Sect. 4 we determine the number of
μ-like neutrino events in a generic detector and the effects
that changes in the composition and radius of the outer core
have on it. Sect. 5 contains our results and final comments.
There, we present a Monte Carlo simulation of the num-
ber of μ-like events and the application of this observable
to test different composition models of the outer core. We
included an appendix with details of the derivation of the
transition amplitudes between flavor neutrinos in a medium
with a symmetric density profile.
2 Model of the Earth’s structure
We want to explore the possibility that neutrino oscillations
in matter can provide information on the CMB and its near
zone, contributing to a better understanding of some of the
mechanism responsible for the phenomena described above.
For this purpose, we consider the simplified spherical model
for the Earth’s interior shown in Fig. 1, which consists of four
layers of constant densities delimited by concentric spheres
of different radii: inner core, outer core, mantle, and crust.1
The radii of the inner core Ric, the mantle Rm, and the Earth
R⊕ are assumed to have the following fixed values: Ric =
1221.5 km, Rm = 5600 km, and R⊕ = 6371 km (Fig. 2).
1 What, for convenience of notation, we call the crust includes not only
this region but also the upper mantle. For this reason, the mantle radius
that we use actually corresponds to the upper edge of the lower mantle
and the average density of the crust is greater than the actual value.
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Fig. 1 Diagram (to scale) of the model of the Earth’s interior and base-
line for an atmospheric neutrino going to detector D. Note that L1 = L7,
L2 = L6, and L3 = L5
The primary information on the Earth’s density as a func-
tion of the position comes from the total mass of the Earth
M⊕ = 5.9724 × 1027g and its mean moment of inertia about
the polar axis I⊕ = 8.025 × 1044gcm2 [38]. In terms of the










dr r4ρ(r) . (2)
These important conditions alone requires that there be a
concentration of mass towards the centre of the planet.
Unlike previous works on the subject, we incorporate both
constraints into our model. This is done by introducing a
scheme for density variations, in which they are caused by
changes in the radius of the outer core Roc around the value
Roc = 3480 km.
According to the above considerations we require that the
sum of the masses and the sum of the inertial moments of the





















with R̃oc =  Roc, where the numerical variable  takes
values close to one. For the densities of the inner core ρic
and the crust ρc we take the average values of the Preliminary
Fig. 2 Radial density of the Earth as a function of the distance from
the center R divided by the Earth’s radius R⊕ = 6371 km. The solid
line is the PREM profile and the dashed lines are the constant densities
of the four-step model used in this work, calculated for three different
values of the outer core radius R̃oc =  Roc,  = 0.96, 1, 1.04, where
Roc = 3480 km is the PREM value of the outer core radius
Reference Earth Model (PREM) [3]: ρic = 12.916 g/cm3
and ρc = 3.671 g/cm3. On the other hand, the (average)
densities of the mantle ρm and the outer core ρoc are variables
that depends on . To determine them, let us rewrite Eq. (3)
as(
Y 3oc


















with Yic,oc,m = Ric,oc,m/R⊕ and
δρM = ρM − ρicY 3ic − ρc(1 − Y 3m ),
δρI = ρI − ρicY 5ic − ρc(1 − Y 5m ),
where ρM and ρI denote the average mass density of the Earth











By solving the linear system given in Eq. (4) we express
the densities of the outer core and the mantle as functions of

ρoc() = F ()
D()




F () = −δρMY 5oc5 + δρIY 3oc3 + δρMY 5m − δρIY 3m ,
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Fig. 3 Densities of the outer core and the mantle as functions of  =
R̃oc/Roc
The coefficients of the polynomials F (), G () and D()
are evaluated in terms of the radii and the average densi-
ties given above. The resulting formulas for ρoc() and
ρm() has been plotted in Fig. 3 in the interval of  rele-
vant to us. In particular, for  = 1 (i.e., R̃oc = Roc) we
get ρoc = 11.526 g/cm3 and ρm = 4.742 g/cm3. Later, we
will allow the radius and the composition of the outer core
to vary simultaneously to examine their join effects on the
flavor transformations and, in particular, possible cancella-
tions among them that could leave the flow of neutrinos in
the detector unaltered.
3 Atmospheric neutrino oscillations
The discovery of flavor oscillations with atmospheric and
solar neutrinos, and their subsequent verification using reac-
tor and accelerator neutrinos, has firmly established that neu-
trinos are massive mixed particles [40]. Except for some
unconfirmed anomalies (see Refs. [41,42] for recent reviews)
the current data set can be interpreted in terms of the mini-
mal extension of the Standard Model, where the known flavor
states |να〉(α = e, μ, τ) are linear combinations of the states
|νi 〉 with masses mi (i = 1, 2, 3): |να〉 = ∑i U∗αi |νi 〉. The
coefficients Uαi are elements of the unitary mixing matrix





where Oi j are orthogonal matrices representing rotations
by angles θi j ∈ [0, π/2] in the respective planes and 
 =
diag(1, 1, eiδ) is a diagonal matrix with δ ∈ [0, 2π ]. Values
2 The expression in Eq. (9) is for Dirac neutrinos. If they are Majorana
particles U has to be multiplied by the right by another diagonal matrix

M = diag(1, eiδ1, eiδ2 ). The two additional physical phases do not play
a role in neutrino oscillations and can be omitted in the analysis of the
phenomenon [43,44].
of the phase δ = 0, π implyCP violation in the leptonic sec-
tor. Besides these quantities, the oscillations between three
neutrinos are parametrized by two mass-squared differences:
Δm221 ≡ m22 − m21, Δm231 ≡ m23 − m21. The sign of Δm231 is
unknown and will be considered in our study. The two pos-
sibilities correspond to different array of neutrino masses:
the normal ordering (NO) and the inverted ordering (IO),
depending on whether m3 is greater or less than m1,2.
Neutrinos are produced and detected in flavor eigenstates.
Due to slight mass differences, the phases of the mass eigen-
state components of the original flavor state change at dif-
ferent rates and, as a consequence, the flavor content of the
neutrino beam oscillates along the trajectory. The relevant
quantity in connection with neutrino oscillations is the prob-
ability Pνα→νβ (L) that a neutrino born as a να can be found
in a flavor νβ at a distance L from the source:
Pνα→νβ (L) = |Uβα(L)|2 , (10)
where the probability amplitude Uβα(L) = 〈νβ | Û (L)|να〉
is an element of the 3 × 3 unitary matrix U (L) representing
the evolution operator in the flavor basis.
When neutrinos propagate in a medium, their dispersion
relations are modified due to the coherent forward scattering
with electrons and nucleons. This effect can be incorporated
by means of a refraction index different for νe and νμ,τ and,
after subtracting an unobservable overall phase, results in a
additional contribution to the Hamiltonian H(L) that governs
the evolution of flavor amplitudes. Besides the vacuum part, it
now contains a potential term V (L) = ∓v(L) diag(1, 0, 0),
with v(L) = √2GFne(L). Here, GF is the Fermi constant
and the signs refer to neutrinos (minus) and antineutrinos
(plus). The electron number density ne(L) is related to the






where mu = 931.494 MeV is the atomic mass unit and
Z/A = ∑λ rλ(Z/A)λ. The summation runs over all the ele-
ments present in the medium and (Z/A)λ denotes the ratio
between the atomic number Zλ and the atomic mass Aλ of the
element that contributes a fraction rλ to the total mass. Under
proper conditions, the pattern of neutrino oscillations in mat-
ter can be significantly modified compared to the oscilla-
tions in vacuum. New resonance enhancement effects appear,
which are sensitive to the density and composition of the
medium. Matter effects in long baseline oscillations inside
the Earth are strongly dependent on sin2 θ13, which drives
the transitions νe ↔ νμ. Since the enhancement features
depends on the sign of Δm223, the large measured value of
θ13 has opened the possibility to distinguish among the two
mass ordering by using atmospheric neutrinos going deeply
through the Earth. Atmospheric neutrinos are generated as
decay products in hadronic showers resulting from collisions
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Table 1 Three-neutrino oscillation parameters obtained by averaging
the best-fit values of three recent global fits of the current neutrino
oscillation data [45–47]
Parameter Normal ordering Inverted ordering
Δm221 [eV
2] 7.42 × 10−5 7.42 × 10−5
Δm231 [eV
2] 2.533 × 10−3 −2.437 × 10−3
sin2 θ12 0.309 0.308
sin2 θ13 0.0223 0.0232
sin2 θ23 0.561 0.564
δ/π 1.19 1.54
of cosmic rays with nuclei in the upper atmosphere. Due to
the isotropic nature of the primary cosmic ray flux, these neu-
trinos are produced around the world, providing a continuous
source of neutrinos spanning a very wide range of energies
and travelled distances before detection. On this work, we
concentrate on those with long baseline and energies in the
range of 2–10 GeV, which also offer the possibility to deter-
mine the unknown neutrino mass ordering and also to conduct
an oscillation tomographic study of the Earth’s interior.
According to Eq. (10), to calculate Pνα→νβ (L) we have
to determine U (L) subject to the condition U (0) = I at
L = 0. For three flavors the problem cannot be solved ana-
lytically in arbitrary density profiles, but a solution can be
given for a constant density in terms of the energy eigenval-
ues in matter. Therefore, for a model like ours in which the
planet consist of concentric spherical layers with constant
densities, the evolution operator in the Earth U⊕(L) can be
expressed as the ordered product of the respective operators
in the consecutive layers traversed by neutrinos. For the cal-
culations we take advantage of the fact that the density profile
is symmetrical with respect to the midpoint of the entire neu-
trino trajectory. The details are presented in the Appendix. We
need the probabilities for the transitions νμ(ν̄μ) → νμ(ν̄μ)
and νe(ν̄e) → νμ(ν̄μ), which are those that are involved in
the computation of the μ-like events produced in a detector
by ‘upward’ atmospheric neutrinos. From the results derived







where L⊕ = 2R⊕ cos η denotes the length of the neutrino
baseline within the Earth and
U
⊕







μμ(L⊕) = c223 Ũ
⊕
aa(L⊕) + s223 Ũ
⊕
bb(L⊕)
+ 2s23c23 cosδ Ũ ⊕ab(L⊕) .
(13)
The quantities in the right hand side of these equations with
a tilde over them are elements of the symmetric matrix in Eq.
(A.5). The expressions for antineutrinos are similar but with
the replacements δ → −δ and v → −v. The electron num-
ber density depends on both the matter density and Z/A,
which is a function of the chemical and isotopic composi-
tion of the medium. Then, for neutrinos going through the
deepest part of the Earth, Pνμ(νe)→νμ(L⊕) become sensitive
to changes in the composition of the outer core. In this work,
additional effects are introduced by allowing variations in
the position of the boundary between the outer core and the
mantle, which lead to modifications in the matter densities
of these layers.
The Earth’s outer core is composed mostly of liquid iron,
or iron alloyed with nickel, along with a significant fraction
of lighter elements (up to 15%) necessary to meet the den-
sity required by seismic wave velocities. Except for hydrogen
((Z/A))H = 1), for the components of this alloy Z/A ∼= 0.5
because they have almost equal numbers of protons and neu-
trons. To appreciate the effect that changes in composition
have on the flavor oscillations probabilities we will take a
pure iron core as the standard model with which to com-
pare models that contain a small percentage of hydrogen. In
Figs. 5 and 4 we show the νμ → νμ and νe → νμ transition
probabilities as a function of the neutrino energy, for differ-
ent values of  and weight percent of hydrogen.The values
of the oscillations parameters are those given in Table 1. All
figures were made both for normal and inverse ordering and
θ23 in the first octant. The values of the radii and the aver-
age densities of the layers are those given in Sect. 2, which
were adapted from the PREM model. In the next section, we
use these probabilities in the calculation of the μ-like events
produced by atmospheric neutrinos after crossing the internal
regions of the Earth.
4 Neutrino events and test of Earth’s composition
To examine the feasibility of a tomographic study of the
deeper layers of the Earth we look at the mark that vari-
ations of the density and composition leave on the flux of
atmospheric neutrinos arriving to the detector after experi-
ence the effect of flavor oscillations in the terrestrial mat-
ter. We concentrate on the outer core, which is believe to
play a fundamental role in the creation and behavior of the
geomagnetic field, as well as in other important geophysical
phenomena, such as plumes and hotspots. For our analysis,
we consider a generic detector with a mass of water or ice
containing a number of nucleons nN as target. A detector
of this type, like for example IceCube, detect efficiently the
Cherenkov radiation emitted along the trajectory of the μ±
produced by the interactions of νμ and ν̄μ with the nucleons
in the instrumented volume or near it.
We implement a Monte Carlo simulation of neutrino prop-
agation in order to have a data set that simulates real observa-
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(a) (b)
(c) (d)
Fig. 4 Survival probability Pνμ→νμ as a function of the neutrino energy for normal ordering. The outer core radius is 3340.8 km ( = 0.96) in the
upper panels and 3619.2 km ( = 1.04) in the lower panels. The values of the azimuthal angle are η = 15◦ (a, c), and η = 25◦ (b, d)
tions, with the inevitable statistical fluctuations. To study the
possibility of distinguishing between the different composi-
tions and densities of the outer core, we applied the statistical
methods for hypothesis testing considering a large number
of pseudo experimental outcomes. To identify the most sen-
sitive regions, we first do a scan dividing the cone under the
detector into a series of angular and energy bins and calculate
the number of μ-type events Nμ within given angular and

































where T is the detection time. The flux of atmospheric neu-
trinos and antineutrinos have been taken from Ref. [48],
while the charged-current cross sections for the νμ(ν̄μ)-
nucleon scattering, in the range of neutrino energies con-
sidered (1 − 10 GeV), are give approximately by [49]
σ ccνμ (E)  0.75 × 10−38 (E/GeV) cm2 ,
σ ccν̄μ (E)  0.35 × 10−38 (E/GeV) cm2 .
(15)
In Eq. (14) it is understood that oscillations probabilities
are evaluated at L⊕ . The dependence of Nμ on the den-
sity and composition of the medium is incorporated through
these probabilities, which are calculated from the expressions
given in Sect. 3 (see also the Appendix).
To find the angular and energy intervals whereNμ is more
sensitive to changes in the upper core composition we intro-
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(a) (b)
(c) (d)
Fig. 5 Transition probability Pνe→νμ as a function of the neutrino energy, for normal ordering (NO) and inverse ordering (IO). The outer core
radius is 3340.8 km ( = 0.96) in the upper panels and 3619.2 km ( = 1.04) in the lower panels. The values of the azimuthal angle are η = 15◦
(a, c) and η = 25◦ (b, d)
duce the quantity




| × 100 , (16)
which gives the percentage difference between the number of
events for the standard composition N 0μ , without hydrogen
in the outer core, and the number of events for a different
composition N Hμ . The values for the radii and the average
densities of the layers are those given in Sect. 2, which were
adapted from the PREM model.
In Fig. 6a and b we represent the level surfaces for ϒ in the
(E, η) plane with a hydrogen proportion of 1wt%, both for
the normal and inverted hierarchies. From the pictures, it is
apparent that in all the cases the most sensitive region corre-
sponds to energies around the 5 GeV and angles compatible
with the shadow of the outer core. Deviations in the number
of events are considerably more pronounced for NO, mainly
because the effects of matter for IO occur for antineutrinos,
whose charged cross section is approximately twice as small
as for neutrinos. We also examine the change in the radii of
the outer core and find that the sensitivity zone do not change
appreciably.
Our observable is the number of μ-like events and in what
follows we use it to test different hypothesis about the compo-
sition and density of the outer core. To this end, we consider
events with 4 GeV < E < 6 GeV and 10◦ < η < 30◦,
and divide each of these intervals into 200 bins. In order to
perform the Monte Carlo simulation we consider that each
pseudo experiment consists of tossing, in each square bin
of the grid, a number of Poisson distributed events with the
mean value as given by Eq. (14). Thus, each pseudo experi-
ment consist in 200 × 200 numbers corresponding to events,
one for each bin. This sample of events are then distributed
in angle and energy. We call it the true events and suppose
that they are distributed according to the probability distri-
bution function (pdf) f
iexp
t (E, η) for the iexp-th experiment.
123
 1001 Page 8 of 13 Eur. Phys. J. C          (2020) 80:1001 
Fig. 6 Level surfaces for ϒ(E, η) (Eq. (16)) with 1 wt% of hydrogen
For this pdf we take the normalized histograms constructed
by means of the Monte Carlo simulation. Calling T
iexp
i, j the









t (E, η)dE dη, (17)
where the integral is over the energy and angle intervals of
the bin (i, j).
To obtain a realistic distribution of events we must allow
for a limited resolution of the detector, both in energy
and angle. The net effect is the redistribution of the true
events (“smearing”) in the grid bins, which is implemented
by folding the true distribution with a resolution function
S (Eo, ηo|E, η). We assume a Gaussian smearing and write















with the detector characterized by the angular and energy
resolutions Δη(E) = αη/√E/GeV and ΔE(E) = αE E ,
respectively. For the values of the parameters αη and αE we
consider different situations according to the discussion in
Ref. [32]. To keep our analysis as simple as possible we
assume a detection efficiency of 100%.
When convoluted with the true events the kernel in
Eq. (18) gives us what we call the observed events. That is,
S(Eo, ηo|E, η) represents the conditional pdf for the mea-
sured values (Eo, ηo) given that the true values were (E, η)
and, since the event is observed somewhere, it is normalized
such that∫∫
S (Eo, ηo|E, η)dEodηo = 1 . (19)
In terms of the resolution function, the number of observed
events O
iexp












dE dη S (Eo, ηo|E, η) f iexpt (E, η) . (20)
As an illustration, in Fig. 7 we show the pdf of the true and
observed events as functions of the energy and nadir angle,
for a standard Earth (wt%H = 0,  = 1) and the normal
ordering of neutrino masses. To draw the figures we used
the same (large) number of bins for both kind of events, but
these numbers generally differ. In what follows, to test how
well the hypothesis about different Earth compositions are in
agreement with the standard Earth we consider the observed
events to be distributed into five angular bins and nine energy
bins.
From Eq. (20), for each bin (m, n), withm = 1, . . . , 9 and
n = 1, . . . , 5, we determine the number of events O0;iexpm,n
for a standard Earth and the number of events O
iexp
m,n (H, )
for an alternative Earth with a given fraction of hydrogen
in the outer core and a ratio  = R̃oc/Roc for each of the
nexp pseudo experiment. Thus, for each bin of the observed
















α (H, ) , (21)
where α label the two-dimensional bins (m, n). For Poisson
distributed events and for the likelihood function L we con-
struct the negative log-likelihood ratio function as
χ2λ = −2 ln
L(Ō 0α ; Ōα(H, ))
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(a) (b)
Fig. 7 Probability distribution functions of a true events and b
observed events, as functions of energy and nadir angle, for the stan-
dard Earth (wt%H = 0,  = 1) and normal ordering of neutrino masses.
The same number of bines has been used to make the figures, but in
the calculations a much small number of bins is used for the observed
events
According to Wilks’ theorem [50] the χ2λ distribution can be
approximated by the χ2 distribution, and from it, the good-
ness of fit can be established. The statistical significance of




fχ (w, ndof )dw , (23)
where ndof is the number of degrees of freedom and
fχ (w, ndof ) is the chi-square distribution. In our case, ndof =
9 × 5 − 2 = 43. In this way, we can study the discrepancy
level between the standard Earth and different hypothesis
about the composition and density of the outer core. This is
done in the next section where we present our results and
final comments.
5 Results and final comments
As discussed in Sect. 2, we allow some variation in the loca-
tion of the CMB that, to meet the constraints on the total mass
and moment of inertia of the Earth, results in the dependence
of the outer core and mantle densities on  (Fig. 3).
As the quantities to be fitted, in what follows we take the
fraction of hydrogen in the outer core and the relative change
of its density Δρoc/ρoc, where Δρoc = ρoc() − ρoc and
ρoc = 11.526 g/cm3 is the density for  = 1. In order
to evaluate the effect that changes on both of these quan-
tities have on our observable, we construct the regions in the
(Δρoc/ρoc, H) plane where the statistical significance, given
by the p-value, for the discrepancy between the standard and
the modified Earth is less than 1σ . In Fig. 8 we show these
regions for the oscillation parameters given in Table 1, for 10
years operation of a 10 and 100 Mton detector, with resolu-
tion parameters αη = αE = 0.1. As can be seen, the regions
for NO are more restricted than for IO. In both cases, a nega-
tive correlation is observed between Δρoc/ρoc and H, which
indicates that an increase in the percentage of hydrogen in the
outer core can be compensated by a decrease in its density.
We also examine the effect that variations of the detec-
tor resolutions have on the bounds at 1 σ confidence level.
Fig. 9 left (right) panel shows the bound for Δρoc/ρoc as a
function of the resolution parameters, when no hydrogen is
present in the outer-core (H = 0), for normal (inverted) hier-
archy. Likewise, the panels in Fig.10 show the corresponding
bounds on the hydrogen fraction in the outer-core, when the
matter density is that given by the PREM (Δρoc/ρoc = 0).
In summary, we have studied the possibility of conducting
an oscillation tomography of the Earth based on the matter
effects on the flavor oscillations of atmospheric neutrinos
propagating through the depths of the planet. Using the μ-
like events in a generic large Cherenkov detector as physical
observables and making a Monte Carlo simulation of the
energy and azimuthal angle distribution of these event, we
tested possible variants with respect to a reference geophys-
ical model with the average densities as given by PREM and
no hydrogen in the outer core. Unlike previous studies, the
procedure we followed in this work allowed us to simulta-
neously vary the composition and density of the outer core.
When one of these quantities was fixed in the value of the
reference geophysical model, our results, shown in Figs. 9
and 10, are compatible with those obtained by others authors
in an uncorrelated way [33,35].
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Fig. 8 Correlated limits of the hydrogen fraction in the outer core and the relative change of its density at 1σ confidence level, for detector
resolution parameters αη = αE = 0.1
Fig. 9 Bounds on the relative change of the outer-core density Δρoc/ρoc at 1 σ confidence level as a function of the detector resolution parameters
αη = αE , for hydrogen fraction H = 0
Fig. 10 Bounds on the hydrogen fraction (H) in the outer-core at 1 σ confidence level as a function of the detector resolution parameters αη = αE ,
for no change in the outer-core density (Δρoc/ρoc = 0)
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The remote located interface between the rocky man-
tle and iron core is physically the most significant in the
Earth’s interior. The phenomena that happens in the region
around this interface play an important role in several process
that impact he whole Earth and its complete understanding
requires a combined effort of different geophysical disci-
plines. This task could greatly benefit from the use of phe-
nomena of the type described here, normally studied in par-
ticle physics, and the arrival of new and improved neutrino
telescopes, such as KM3NeT, ORCA, PINGO, and Hyper-
Kamiokande [51–54]. Even though our results were derived
considering a simplified PREM model with four layer of con-
stant densities, and without taking into account the system-
atics related to the experimental device, they exemplify the
potentialities of neutrino oscillations as a novel techniques
to explore the interior of the Earth.
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Appendix A: Flavor neutrino evolution in the Earth
In this appendix we describe in detail the calculation of the
flavor transition amplitudes for neutrinos produced in the
atmosphere and detected after they go through the Earth.
Let denote by LD the distance between the detector and the
source, then for the U (LD) = U⊕(L⊕)UA(LA), where U⊕
and UA are the matrix representations of the evolution oper-
ators in the Earth and the atmosphere, respectively. We have
denoted by L⊕ and LA the lengths of the neutrino path en
each of these media, with LD = L⊕ + LA. The flavor evo-
lution along the atmosphere is well described assuming that
neutrinos propagate in vacuum. Thus, in the flavor basis we
have
UA(LA) = U exp
(−i LAH0)U †, (A.1)
where U is the mixing matrix in Eq. (9) and H0 =
diag (E1, E2, E3). Here, Ei =
√
|p|2 + m2i are the energies
of the neutrino mass eigenstates described as plane waves
with the same momentum p. Discarding a global phase, for
relativistic neutrinos we have UA(LA) = UDU †, where
D = diag(1, e−iϕ21 , e−iϕ31), with ϕ21 = Δm221LA/2E ,
ϕ31 = Δm231LA/2E , and E ∼= |p|. Typically, LA ∼ 10 km
and, for neutrinos with energies E  1 GeV, both ϕ21 and
ϕ31 are small quantities. Therefore, D is almost equal to the
identity matrix and UA(LA)  UU † = I . Consequently,
the probabilities Pνα→νβ in the detection volume can be cal-
culated by means of the matrix elements of the evolution
operator within the Earth. In what follows we will focus on
deriving them.





U⊕(L) = H(L)U⊕(L) , U⊕(0) = I, (A.2)
where L is the distance traveled by neutrinos along the Earth
and
H(L) = UH0U † + V (L) (A.3)
is the effective Hamiltonian that determine the evolution of
the flavor amplitudes in the presence of matter. The second
term in the last equation is given by V (L) = ∓v(L)(1, 0, 0)
with v(L) = √2GFne(L), and represents the net effect of the
coherent interactions of neutrinos (minus sign) or antineutri-
nos (plus sign) with the particles (e, p, n) present in the back-
ground. Reordering the mixing matrix as U = O23
O
†,




where OT23 is the transpose of O23 and Ũ⊕(L) obeys an equa-
tion like the one in Eq. (A.2), with H(L) replaced by the real
and symmetric Hamiltonian H̃(L) = OH0OT + V (L).
In one-dimensional models of the type we use here, which
represent the average properties of the Earth, the density pro-
file seen by neutrinos passing through the terrestrial matter is
symmetrical with respect to the midpoint of their entire path.
Hence, the effective potential energy satisfies the equality
v(2L̄ − L) = v(L), with L̄ = L⊕/2. This, together with the
condition H̃∗(L) = H̃(L), implies that


























where for notational brevity we have omitted the dependence
of the matrix elements on L⊕ . As is evident from the first
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To compute the matrix in Eq. (A.5) we keep in mind that,
as described in Sect. (2), we model the Earth as an onion like
sphere made of four layers with different constant densities.
Consequently, the full evolution operator can be expressed in
terms of the product of the evolution operators in each of the
successive layers through which the neutrinos pass on their





Ũ(L) , ( = ic,oc,m,c)
= Ũic(Lic) Ũoc(Loc) Ũm(Lm) Ũc(Lc) . (A.6)
It should be noted that, in general, the matrices of the different
layers do not commute between them and the factors must go
in the order prescribed. Here, L is equal to half of the whole
distance that neutrinos travel in layer , so
∑
 L = L̄ . These
distances can be easily determined as functions of the nadir










Y 2m − sin2η −
√





Y 2oc − sin2η −
√





Y 2ic − sin2η ,
(A.7)
with 0 ≤ η  11◦. If neutrinos goes trough the outer core but
not the inner core, then  = oc,c,m and 11◦  η  33◦. In
this case, Lic = 0 and Loc = R⊕
√
Y 2oc − sin2η, while the
formulas for Lm and Lc remain unchanged.
Since the layers are assumed to have a constant electron
number density ne, for each factor in Eq. (A.6) we have
Ũ(L) = exp(−i H̃L), where in H̃ the effective poten-
tial takes the fixed value v =
√
2GFne. The exponential of
a constant matrix can be evaluated by means of the Putzer’s
algorithm [55]. For our 3×3 matrices, discarding in material
phases, the results are [56]
Ũ(L) = (1 + E 1 A)I − (A + E 1 B)H̃























with ω21 = E 2 −E 1 and similarly for ω31 and ω32. The quan-
tities E k (k = 1, 2, 3) are the energy eigenvalues in matter
and are given by the real roots of the characteristic (cubic)
equation
E 3 − bE 2 + cE − d = 0 , (A.11)
where
b = Δ21 + Δ31 + v ,






c212 + s212 s213
)]
v ,
d = Δ31 Δ21c212 c213v . (A.12)
They are the eigenvalues of H̃ (which coincide with those
of H), do not depend on θ23 or δ, are positive and unequal,



























In this way, we have completed the determination of all
the ingredients necessary to calculate each factor in Eq. (A.6)
using formula (A.8). Once Ũ⊕(L̄) has been obtained by multi-
plying the required factors, it is immediate to find Ũ⊕(L⊕) by
means of Eq. (A.5). The resulting matrix, when substituted
into Eq. (A.4), allows us to express the elements of U⊕(L⊕)
in terms of those of the matrix in (A.5).
References
1. E. Tarbuck, F. Lutgens, D. Tasa, Earth Science (Pear-
son Prentice Hall, 2009). https://books.google.com.mx/books?
id=z9gSAQAAIAAJ
2. C. Fowler, The Solid Earth: An Introduction to Global Geophysics,
2nd edn. (Cambridge University Pres, Cambridge, 2005)
3. A.M. Dziewonski, D.L. Anderson, Phys. Earth Planet. Inter. 25(4),
297 (1981)
4. K. Aki, P.G. Richards, Quantitative Seismology, 2nd edn. (Univer-
sity Science Books, Mill Valley, 2002)
5. T. Lay, T.C. Wallace, Modern Global Seismology, International
Geophysics Series, vol. 58, 1st edn. (Academic Press, San Diego,
1995)
6. T. Lay, in International Handbook of Earthquake and Engineering
Seismology, vol. 81A, ed. by W. Lee, H. Kanamori, P. Jennings,
K.C. (Academic Press, 2002), pp. 829–860. chap. 51. Isbn = 0-12-
440652-1
7. B. Clement, A. Holzheid, A. Tilgner, Proc. Natl. Acad. Sci. USA
94, 12742 (1997). https://doi.org/10.1073/pnas.94.24.12742
8. F. Birch, J. Geophys. Res. 57, 227 (1952)
9. F. Birch, J. Geophys. Res. 57, 4377 (1964)
10. J.P. Poirier, Phys. Earth Planet. Inter. 85(3–4), 319 (1994). https://
doi.org/10.1016/0031-9201(94)90120-1. (Elsevier Science BV)
11. J. Li, Y. Fei, in Treatise onGeochemistry, chap. 15, vol. 3, 2nd edn.,
ed. by H. Holland, K. Turekian (Elsevier, Amsterdam, 2014), pp.
527–557
123
Eur. Phys. J. C          (2020) 80:1001 Page 13 of 13  1001 
12. G. Morard, J. Siebert, D. Andrault, N. Guignot, G. Garbarino, F.
Guyot, D. Antonangeli, Earth Planet. Sci. Lett. 373, 169 (2013)
13. K. Umemoto, K. Hirose, Earth Planet. Sci. Lett. 531, 116009
(2020). https://doi.org/10.1016/j.epsl.2019.116009
14. L. Ludhova, S. Zavatarelli, Adv. High Energy Phys. 2013, 42569
(2013). https://doi.org/10.1155/2013/425693
15. O. Sramek, W.F. McDonough, J.G. Learned, Adv. High Energy
Phys. 2012, 235686 (2012). https://doi.org/10.1155/2012/235686
16. M. Agostini et al., Phys. Rev. D 101(1), 012009 (2020). https://doi.
org/10.1103/PhysRevD.101.012009
17. G. Fiorentini, G. Fogli, E. Lisi, F. Mantovani, A. Rotunno, Phys.
Rev. D 86, 033004 (2012). https://doi.org/10.1103/PhysRevD.86.
033004
18. W. Winter, Earth Moon Planets 99, 285 (2006). https://doi.org/10.
1007/s11038-006-9101-y
19. L. Volkova, G. Zatsepin, Izv. Akad. Nauk Ser. Fiz 38N5, 1060
(1974)
20. T.L. Wilson, Nature 309, 38 (1984). https://doi.org/10.1038/
309038a0
21. J.P. Ralston, P. Jain, G.M. Frichter, in 26th International Cosmic
Ray Conference, vol. 2 (1999), p. 504
22. P. Jain, J.P. Ralston, G.M. Frichter, Astropart. Phys. 12, 193 (1999).
https://doi.org/10.1016/S0927-6505(99)00088-2
23. M. Gonzalez-Garcia, F. Halzen, M. Maltoni, H.K. Tanaka,
Phys. Rev. Lett. 100, 061802 (2008). https://doi.org/10.1103/
PhysRevLett.100.061802
24. M.M. Reynoso, O.A. Sampayo, Astropart. Phys. 21, 315 (2004).
https://doi.org/10.1016/j.astropartphys.2004.01.003
25. I. Romero, O.A. Sampayo, Eur. Phys. J. C 71, 1696 (2011). https://
doi.org/10.1140/epjc/s10052-011-1696-0
26. L. Wolfenstein, Phys. Rev. D 17, 2369 (1978). https://doi.org/10.
1103/PhysRevD.17.2369
27. V.D. Barger, K. Whisnant, S. Pakvasa, R. Phillips, Phys. Rev. D
22, 2718 (1980). https://doi.org/10.1103/PhysRevD.22.2718
28. S. Mikheyev, A. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985)
29. A. Nicolaidis, Phys. Lett. B 200, 553 (1988). https://doi.org/10.
1016/0370-2693(88)90170-0
30. A. Nicolaidis, M. Jannane, A. Tarantola, J. Geophys. Res. 96(B13),
21811 (1991). https://doi.org/10.1029/91JB01835
31. W. Winter, Nucl. Phys. B 908, 250 (2016). https://doi.org/10.1016/
j.nuclphysb.2016.03.033
32. C. Rott, A. Taketa, D. Bose, Sci. Rep. 5, 15225 (2015). https://doi.
org/10.1038/srep15225
33. S. Bourret, J.A. Coelho, V. Van Elewyck, PoS ICRC2017, 1020
(2018). https://doi.org/10.22323/1.301.1020
34. S. Bourret, J.A. Coelho, V. Van Elewyck, J. Phys. Conf. Ser. 888(1),
012114 (2017). https://doi.org/10.1088/1742-6596/888/1/012114
35. E. Borriello, G. Mangano, A. Marotta, G. Miele, P. Migliozzi, C.
Moura, S. Pastor, O. Pisanti, P.E. Strolin, JCAP 06, 030 (2009).
https://doi.org/10.1088/1475-7516/2009/06/030
36. D. Loper, L. Thorne, J. Geophys. Res. 100(B4), 6397 (1995)
37. T. Lay, Q. Williams, E. Garnero, Nature 392, 461 (1998)
38. J. Williams, Astron. J. 108, 711 (1994). https://doi.org/10.1086/
117108
39. B. Kennett, Geophys. J. Int. 132(2), 374 (1998). https://doi.org/10.
1046/j.1365-246x.1998.00451.x
40. M. Tanabashi, others., Phys. Rev. D 98 (2018)
41. C. Giunti, T. Lasserre, Ann. Rev. Nucl. Part. Sci. 69, 163 (2019).
https://doi.org/10.1146/annurev-nucl-101918-023755
42. M. Dentler, A. Hernandez-Cabezudo, J. Kopp, P.A. Machado, M.
Maltoni, I. Martinez-Soler, T. Schwetz, JHEP 08, 010 (2018).
https://doi.org/10.1007/JHEP08(2018)010
43. S.M. Bilenky, J. Hosek, S. Petcov, Phys. Lett. B 94, 495 (1980).
https://doi.org/10.1016/0370-2693(80)90927-2
44. P. Langacker, S. Petcov, G. Steigman, S. Toshev, Nucl. Phys. B
282, 589 (1987). https://doi.org/10.1016/0550-3213(87)90699-7
45. F. Capozzi, E. Di Valentino, E. Lisi, A. Marrone, A. Melchiorri, A.
Palazzo, Phys. Rev. D 101(11), 116013 (2020). https://doi.org/10.
1103/PhysRevD.101.116013
46. I. Esteban, M. Gonzalez-Garcia, M. Maltoni, T. Schwetz, A. Zhou
(2020)
47. P. de Salas, D. Forero, S. Gariazzo, P. Martínez-Miravé, O. Mena,
C. Ternes, M. Tórtola, J. Valle (2020)
48. V. Agrawal, T. Gaisser, P. Lipari, T. Stanev, Phys. Rev. D 53, 1314
(1996). https://doi.org/10.1103/PhysRevD.53.1314
49. J. Formaggio, G. Zeller, Rev. Mod. Phys. 84, 1307 (2012). https://
doi.org/10.1103/RevModPhys.84.1307
50. S.S. Wilks, Ann. Math. Stat. 9(1), 60 (1938). https://doi.org/10.
1214/aoms/1177732360
51. S. Adrian-Martinez et al., J. Phys. G43(8), 084001 (2016). https://
doi.org/10.1088/0954-3899/43/8/084001
52. P. Fermani, I. Di Palma, EPJ Web Conf. 209, 01006 (2019). https://
doi.org/10.1051/epjconf/201920901006
53. K. Abe, et al. Hyper Kamiokande Des. Rep. (2018)
54. M. Aartsen et al., J. Phys. G 44, 054006 (2017). https://doi.org/10.
1088/1361-6471/44/5/054006
55. E.J. Putzer, Am. Math. Mon. 73, 2 (1966)
56. F. Casas, J.C. D’Olivo, J.A. Oteo, Phys. Rev. D 94(11), 113008
(2016)
123
